EP 2 333 492 A1

(19)

Européisches
Patentamt

European

Patent Office

Office européen
des brevets

(12)

(43) Date of publication:
15.06.2011 Bulletin 2011/24

(21) Application number: 10014677.8

(22) Date of filing: 16.11.2010

(11) EP 2 333 492 A1

EUROPEAN PATENT APPLICATION

(51) IntCL:
G01D 5/14(2006.01)

(84) Designated Contracting States:
AL AT BEBG CH CY CZDE DK EE ES FI FR GB
GRHRHUIEISITLILTLULV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME

(30) Priority: 17.11.2009 JP 2009261472

(71) Applicant: Hitachi, Ltd.
Chiyoda-ku
Tokyo 100-8280 (JP)

(72) Inventor: Suzuki, Mutsumi
Tokyo 100-8220 (JP)

(74) Representative: Beetz & Partner
Patentanwilte
Steinsdorfstrasse 10
80538 Miinchen (DE)

(54) Rotational angle measurement apparatus
(57) Thisinventionrelates to a rotational angle meas-
urement apparatus that is capable of correcting an error
due to pin-angle error with a small amount of calculation
operation.

The rotational angle measurement apparatus in-
cludes a magnetic sensor 301 and a signal processing
unit 303M. The magnetic sensor includes two bridges
comprising magneto-resistance elements each having a

pinned magnetic layer. A ratio-calculation unit 381 of the
signal processing unit 303M calculates a ratio Vy/Vx of
output signals Vx and Vy. A parameter correction unit
382 subtracts a predetermined correction parameter 3
from the ratio Vy/Vx calculated by the ratio-calculation
unit. An atan-processing unit 383 conducts arctangent
processing on the value calculated by the parameter cor-
rection unit and calculates an angle of magnetic field 6.
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Description
BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The present invention relates to a rotational angle measurement apparatus including a magneto-resistance
element (MR element) having a pinned magnetic layer. The invention particularly relates to a rotational angle measure-
ment apparatus capable of correcting a pin-angle error.

2. Description of the Related Art

[0002] A rotational angle measurement apparatus using such an MR element is known, for example, by Japanese
Patent No. 3799270, etc.

[0003] Examples of known magneto-resistance elements (MR element) include a giant magneto-resistance element
(GMR element) and atunneling magneto-resistance element (TMR element). The outline of MR element is to be described
by way of a magnetic field measurement apparatus using a GMR element as an example.

[0004] Fig. 1 shows a basic structure of the GMR element.

[0005] The GMR element has a first magnetic layer 13 (pinned magnetic layer) and a second magnetic layer 11 (free
magnetic layer) in which a non-magnetic layer 12 (spacer layer) is sandwiched between both of the magnetic layers.
When an external magnetic field is applied to the GMR element, while the magnetization direction of the pinned magnetic
layer does not change and remains fixed as it is, the magnetization direction 20 of the free magnetic layer changes in
accordance with the direction of the external magnetic field.

[0006] The angle of magnetization direction in the pinned magnetic layer is referred to as a pin angle and represented
by 6p.

[0007] When avoltage is applied across the end of the GMR element, a current flows in accordance with the resistance
of the element, and the magnitude of the resistance of the element changes depending on the difference: A6 = 6f - 6p
between the magnetization direction (pin angle) 6p of the pinned magnetic layer and the magnetization direction 6f of
the free magnetic layer. Accordingly, when the magnetization direction 6p of the pinned magnetic layer is known, the
magnetization direction 6f of the free magnetic layer, that is, the direction of the external magnetic field can be detected
by measuring the resistance value of the GMR element with the use of the property described above.

[0008] The mechanism in which the resistance value of the GMR element changes according to A6 = 6f - 6p is as
described below.

[0009] The magnetization direction in the thin-film magnetic film is concerned with the direction of electrons’ spin in a
magnetic material. Accordingly, in the case where A6 = 0, for the electrons in the free magnetic layer and the electrons
in the pinned magnetic layer, the ratio of electrons with the directions of spins being identical is high. By contrast, in the
case where A6 = 180°, the ratio of electrons with the directions of the spins being opposite to each other is high for the
electrons in both of the magnetic layers.

[0010] Fig. 2 schematically shows a cross section of the free magnetic layer 11, the spacer layer 12, and the pinned
magnetic layer 13. Arrows shown in the free magnetic layer 11 and the pinned magnetic layer 13 schematically show
the direction of the spin for majority electrons.

[0011] Fig. 2A shows a case where A6= 0 in which the directions of spins are aligned in the free magnetic layer 11
and the pinned magnetic layer 13. Fig. 2B shows a case where A6 = 180° in which the directions of spins are opposite
to each other in the free magnetic layer 11 and the pinned magnetic layer 13.

[0012] Inthe case of 6=0inFig. 2A, since electrons of an identical spin direction are predominant in the free magnetic
layer 11, the right spin electrons emitting from the pinned magnetic layer 13 are less scattered in the free magnetic layer
11 and pass along the trajectory as an electron trajectory 810.

[0013] On the other hand, in the case of A6 = 180° in Fig. 2B, electrons of right spin emitting from the pinned magnetic
layer 13 are scattered more frequently and pass along the trajectory as an electron trajectory 810 when entering the
free magnetic layer 11, since there are many electrons of opposite spin. As described above, in the case where A9 =
180°, since electrons are scattered more frequently, electric resistance is increased.

[0014] In an intermediate case where A6 is in the range between 0 and 180°, it is in an intermediate state between
Fig. 2A and Fig. 2B. The resistance value R of the GMR element is represented as:
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[Equation 1]

R= R'0+§2;-(1 ~cosAB) =R, ——g—cosAB . (1)

in which G/R is referred to as a GMR coefficient which is from several % to several tens %.

[0015] Since way of current flow (that is, electric resistance) can be controlled depending on the direction of the
electrons’ spin, the GMR element is also referred to as a spin-valve device.

[0016] Further, in a magnetic film of thin film thickness (thin-film magnetic film), since the demagnetizing factor in the
direction normal to the surface is extremely large, the magnetization vector cannot rise vertically in the normal direction
(direction of film thickness) and lies in the plane. Since both of the free magnetic layer 11 and the pinned magnetic layer
13 constituting the GMR element are sufficiently thin, respective magnetization vectors lie in the in-plane direction.
[0017] Fig. 3A shows a case where a Wheatstone bridge 60A is formed by using four GMR elements R1 (51-1) to R4
(51-4). The bridge 60A is used as a magnetic sensor.

[0018] In this case, the magnetization direction in the pinned magnetic layer of the GMR element R1 (51-1) and R3
(51-3) is set as 6p = 0, and the magnetization direction in the pinned magnetic layer of the GMR element R2 (51-2) and
R4 (51-4) is set as Op = 180°. Since the magnetization direction 6f in the free magnetic layer is determined by an external
magnetic field, and the magnetization direction 6f is identical for four GMR elements. Therefore, a relation: A6 = 6f - 62
= of - Bp1-n = AB1 + w is established. Since 6A1 is based on 6p = 0, it is substituted as: A61 = 6. Accordingly, as can be
seen from the equation (1), the GMR elements R1, R3 are each represented by:

[Equation 2]

R"=R"0—%cosl9 w (2)

in which (n =1, 3), and the GMR elements R2, R4 are each represented by:

[Equation 3]

Rn=Rn0+%cosé’ w (3)

in which (n = 2, 4).
[0019] When an excitation voltage €0 is applied to a bridge 60A, a differential voltage Av = V2 - V1 between terminals
V1 and V2 is represented by the following equation (4):

[Equation 4]

RR,~RR,
(Rl + RdXRZ + R3) ’

Av = (4)

[0020] When substituting the equation (2) and the equation (3) into the equation (4), assuming Rn0 as equal for n =
1 to 4, and setting as: RO = Rn0, it is represented as:
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[Equation 5]

ME_V .. (5)

Av, = .
2R,

[0021] As described above, since the signal voltage Av is in proportion to cos6, the direction 8 of the magnetic field
can be detected. Further, since the bridge outputs a signal in proportion to cos®, it is referred to as a COS bridge.
[0022] Further, Fig. 3B shows a bridge 60B in which the direction in the pinned magnetic layer is changed by 90° from
that of the COS bridge in Fig. 3A. That is, the bridge is constructed with GMR elements at 6p = 90° and 270°. By
calculating in the same manner as described above, we obtain the signal voltage as follows: :

[Equation 6]

Av. = e,Gsind

s 2R0

V, .. (6)

[0023] Since the signal voltage is in proportion to sin6, the bridge 60B is referred to as a SIN bridge.
[0024] By calculating the arctangent for the ratio of two output signals of the COS bridge and the SIN bridge, the
direction ®m of the magnetic field vector (angle of magnetic field) is determined as:

[Equation 7]

—Av cosé

c

V )
ArcTan Av, J = ArcTan I—/y—j = ArcTan( s1n0) =60 .. (7)

X

[0025] As described above, the magneto-resistance element has a feature capable of directly detecting the direction
of the magnetic field.

[0026] The magnetic field dependent term for the resistance of the magneto-resistance element is determined by the
difference AS = 6m - 6p between the magnetization direction (pin angle) 6p of the pinned magnetic layer and the angle
of the external magnetic field ®m as shown in the equation (1). In other words, the pin angle 6p is a reference angle.
Accordingly, when the setting for the pin angle includes an error, the equation (5) and the equation (6) are not valid and
the angle determined according to the equation (7) no more shows an exact angle of magnetic field 6m.

[0027] As an example, it is assumed that the pin angle of the GMR elements R2, R4 of the COS bridge shown in Fig.
3A is deviates by 0.5° from the respective correct angle, and the pin angle of the GMR elements R2, R4 of the SIN
bridge shown in Fig. 3B deviates by -1°.

[0028] Fig. 4 shows a difference (i.e. measurement error) between the angle 61 determined from signals Vx and Vy
from each of the bridges in accordance with the equation (7) and a real angle of the magnetic field 6m in the case
described above. The measurement error changes depending on the real angle of magnetic field 6m and has amplitude
of about 1°. As described above, the pin-angle error of 1° corresponds to an angle measurement error of about 1°.
Accordingly, in order to obtain measurement accuracy, for example, of £0.2°, it is necessary to set all pin angles at an
accuracy of about 0.2°.

[0029] A method of manufacturing a magnetic sensor having a plurality of pin angles therein includes, for example, a
method of arranging magneto-resistance elements (corresponding to each of Ri (i = 1 to 4) in Fig. 3) or a method of
changing the direction of the external magnetic field applied upon depositing the pinned magnetic layer. However, in
any of the methods, it is extremely difficult to set all pin angles each at a high accuracy of about 0.2°.

[0030] Concerning to this problem, a method of correcting an angle measurement error caused by the pin-angle error
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has been known (for example, refer to JP-2006-194861-A).

[0031] InJP-2006-194861-A, a rotational angle 6 and a measurement angle 6 (meas) measured by a magnetic sensor
at this instance are measured, and then an error A® (6) between both of them is determined as function of the rotational
angle 6. That is, the error is represented as:

Ag(#) = O(meas)-6 .. (8)

[0032] Then, since the error A®(0) is in the form of a 180° cycle as shown in Fig. 4, correction function S1(6, o) is
defined as shown by the equation (9) as:

[Equation 9]

Sl(&,a) = g—(l +c0s26) .. (9)

[0033] Then,aparameter ais determined such thatafunction E1 (o) defined by the following equation (10) is minimum:

[Equation 10]
El(x)= [[a¢(6)-516,2)f a6 .. (10)

where integration is a 1 cycle integration for 6 = 0 to 360°.
[0034] After the error of a second harmonic component is removed as described above, a fourth harmonic component
is left. Then, the correction function S2(8, B) for fourth harmonic is defined as shown in the following equation (11);

[Equation 11]
52(6,8)=—-Bsin46 .. (11)

[0035] Then, a parameter f is determined such that a function E2 () defined by the following equation (12) is minimum:

[Equation 12]
E2(8)= [[ag(6)-516,)- 526, 8)Fd6 .. (12)

[0036] During operation of the magnetic sensor, the error is corrected by using the correction function determined as
described above according to the following equation

[Equation 13]
6(compensated) = 6(meas)— S1(6,a)— §2(6,8) .. (13)
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SUMMARY OF THE INVENTION

[0037] As described above, the magnetic field measurement apparatus using the magneto-resistance element having
the pinned magnetic layer involves a problem that error occurs in the measured angle when there is a setting error for
the magnetization direction of the pinned magnetic layer (pin angle).

[0038] Concerning to this problem, the correction method described in JP-2006-194861-A involves three problems.

(1) First, the amount of calculation operation is enormous for obtaining the correction parameters o and B, since
integrations E1 and E2 are minimized by repeating the integrations E1 and E2 while changing o and (f,

(2) Secondly, since the correction functions S1 and S2 are functions of 26 and 46, an absolute value for the angle
of magnetic field is necessary for the correction, and it requires a control device with a known angle, such as an
encoder.

(3) Thirdly, since the correction equation (13) used during sensor operation includes a plurality of trigonometric
functions, which require much amount of operation, the amount of calculation operation is large to necessitate a
high speed microcontroller or the like. The correction during the sensor operation requires high speed operation

[0039] That is, the existent method of correcting the measurement error caused by the pin-angle error involves a
problem that the amount of calculation operation required for correction is enormous.

[0040] The present invention intends to provide a rotational angle measurement apparatus capable of correcting an
error caused by a pin-angle error with a small amount of calculation operation.

[0041] In the present specification, function SQRT(y) represents "Square root of y".

(1) Toattainthe purpose, the presentinvention provides a rotational angle measurement apparatus having a magnetic
sensor and a signal processing unit, the magnetic sensor including two bridges that comprises magneto-resistance
elements each having a pinned magnetic layer, and the signal processing unit receiving an output signal Vx from
a first bridge as an input signal Vx and an output signal Vy from a second bridge as an input signal Vy and outputting
an angle of magnetic field 6 in which the difference between a ratio Vy/Vx and a tan8 is a constant non-zero value
when the absolute value |Vx| of the output signal Vx is larger than or equal to the absolute value |Vy| of the output
signal Vy in the signal processing unit.

[0042] With the constitution as described above, an error caused by a pin-angle error can be corrected with a small
amount of operation.

(2) Assuming the constant value as x in (1) described above, the constant value x preferably satisfies (1/SQRT(1-
x2))x (Vy/Vx) - tan® = x and the constant value x does not depend on the 6. In the present specification, a function
SQRT(y) represents "square root of y".

(3) The signal processing unit in (1) described above preferably includes a ratio-calculation unit that calculates the
ratio Vy/Vx of the output signals Vx, Vy, a parameter correction unit that subtracts a predetermined correction
parameter 3 from the ratio Vy/Vx calculated by the ratio-calculation unit, and an atan-processing unit that conducts
an arctangent processing on the value calculated by the parameter correction unit and calculates the angle of
magnetic field 6.

(4) The parameter correction unit in (3) described above preferably divides the calculated value by Bx = SQRT(1 -32).
(5) The apparatus in (3) described above preferably includes an offset-subtraction unit that subtracts predetermined
offsets bx and by from the output signal Vx of the first bridge and the output signal Vy of the second bridge respectively,
in which the output signal from the offset-subtraction unitis inputted to the ratio-calculation unit of the signal processing
unit.

(6) In (3) described above, the signal processing unit preferably includes an averaging unit that calculates the
correction parameter B from an average value for the duration in which the direction of the magnetic field turns for
one rotation relative to the ratio Vy/Vx calculated by the ratio-calculation unit.

(7) The apparatus in (6) described above preferably includes a window function processing unit that multiplies the
ratio Vy/Vx calculated by the ratio-calculation unit by a window function W(r) having the ratio Vy/Vx as an argument,
in which the averaging unit calculates the average value relative to the output from the window function processing
unit for the duration in which the direction of the magnetic field turns for one rotation.

(8) In (7) described above, the window function W(r) is an even function.

(9) In (7) described above, the parameter correction unit preferably divides the calculated value by Bx = SQRT(1 -B2) .
(10) In (1) described above, the magneto-resistance element is preferably a giant magneto-resistance element.
(11) The present invention provides, for attaining the aforementioned purpose, a rotational angle measurement
apparatus comprising a magnetic sensor and a signal processing unit, the magnetic sensor including two bridges
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comprising magneto-resistance elements each having a pinned magnetic layer, the signal processing unit receiving
an output signal Vx from a first bridge as an input signal Vx and an output signal Vy from a second bridge as an
input signal Vy, and outputting an angle of magnetic field 0, in which the signal processing unit includes an averaging
unit that calculates the correction parameter 3 from an average value for the duration in which the direction of the
magnetic field turns for one rotation relative to the ratio Vy/Vx of the output signal.

[0043] With the constitution described above, an error caused by a pin-angle error can be corrected with a small
amount of operation.

(12) In (11) described above, the apparatus preferably includes a window function processing unit that multiplies a
window function W(r) having the ratio r (=Vy/Vx) as an argument to the ratio Vy/Vx calculated by the ratio-calculation
unit, in which the averaging unit calculates an average value relative to the output from the window function processing
unit for the duration in which the direction of the magnetic field turns for one rotation.

(13) The apparatus in (11) described above, preferably includes an offset-subtraction unit that subtracts predeter-
mined offsets bx and by from the output signal Vx of the first bridge and the output signal Vy of the second bridge
respectively, in which the output signal from the offset-subtraction unit is inputted to the ratio-calculation unit of the
signal processing unit.

(14) In (13) described above, the averaging unit preferably determines the offset voltages bx, by upon first rotation
during twice rotation of the magnetic field at a constant angular velocity, and the offset-subtraction unit preferably
calculates values VX' = Vx - bx and Vy’ = Vly - by obtained by subtracting the offset voltages bx, by from the signals
Vx, Vy respectively, and the averaging unit preferably determines the amount of pin-angle error f3 for the values Vx’,
Vy’ upon second rotation of the magnetic field.

(15) In (11) described above, the magneto-resistance element is preferably a giant magneto-resistance element.

[0044] According to the invention, the error caused by the pin-angle error can be corrected with a small amount of
calculation operation.

BRIEF DESCRIPTION OF THE DRAWINGS
[0045]

Fig. 1 is a schematic view showing the constitution of a giant magneto-resistance element;

Figs. 2A and 2B are schematic views showing the behavior of electrons in the giant magneto-resistance element;
Figs. 3A and 3B are schematic views showing a sensor bridge in a magnetic sensor used in a rotational angle
measurement apparatus using the giant magneto-resistance elements;

Fig. 4 is a view showing an error contained in a measurement angle in the case where the pin angle includes an error;
Fig. 5 is a block diagram showing a first constitution of a rotational angle measurement apparatus for examining a
pin-angle error o according to a first embodiment of the invention;

Fig. 6A and 6B are constitutional view of a magnetic sensor used in the rotational angle measurement apparatus
according to the first embodiment of the invention;

Figs. 7A and 7B are schematic views showing the phase difference of each bridge in the magnetic sensor used in
the rotational angle measurement apparatus according to the first embodiment of the invention;

Fig. 8 is a block diagram showing a first constitution of a rotational angle measurement apparatus for correcting a
pin-angle error o according to a second embodiment of the invention;

Fig. 9 is an explanatory view for an estimation accuracy of the amount of pin-angle error o in the rotational angle
measurement apparatus according to the second embodiment of the invention;

Fig. 10 is an explanatory view for an estimation accuracy of the amount of pin-angle error o in the rotational angle
measurement apparatus according to the second embodiment of the invention;

Fig. 11 is a block diagram showing a first constitution of a rotational angle measurement apparatus for examining
the pin-angle error oo and correcting the pin-angle error o according to a third embodiment of the invention;

Fig. 12 is an explanatory view for the waveform of a ratio r = Vy/Vx of a signal in the rotational angle measurement
apparatus according to the first embodiment of the invention;

Fig. 13is ablock diagram showing a second constitution of the rotational angle measurement apparatus for examining
the pin-angle error o according to the third embodiment of the invention;

Fig. 14 is an explanatory view for a window function used in a window function processing unit of the rotational angle
measurement apparatus according to the third embodiment of the invention;

Fig. 15 is an explanatory view for the window function used in the window function processing unit of the rotational
angle measurement apparatus according to the third embodiment of the invention;
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Fig. 16 is an explanatory view for the estimation accuracy of the amount of pin-angle error o in the rotational angle
measurement apparatus according to the third embodiment of the invention;

Fig. 17 is an explanatory view for the estimation accuracy of the amount of pin-angle error o in the rotational angle
measurement apparatus according to the third embodiment of the invention;

Fig. 18 is an explanatory view for the estimation accuracy of the amount of pin-angle error o in the rotational angle
measurement apparatus according to the third embodiment of the invention;

Fig. 19is a block diagram showing a second constitution of a rotational angle measurement apparatus for examining
a pin-angle error o and correcting the pin-angle error a according to a fourth embodiment of the invention;

Fig. 20 is a block diagram showing a second constitution of a rotational angle measurement apparatus for correcting
a pin-angle error o according to a fifth embodiment of the invention;

Fig. 21A and 21B are explanatory view for the estimation accuracy of the amount of pin-angle error o in the rotational
angle measurement apparatus according to the fifth embodiment of the invention;

Fig. 22 is an explanatory view for the estimation accuracy of the amount of pin-angle error a in the rotational angle
measurement apparatus according to the fifth embodiment of the invention;

Fig. 23 is a block diagram showing a third constitution of a rotational angle measurement apparatus for examining
a pin-angle error o and correcting the pin-angle error o according to a sixth embodiment of the invention;

Fig. 24 is a block diagram showing the constitution of a rotational angle measurement apparatus according to a
seventh embodiment of the invention;

Fig. 25 is a block diagram showing a third constitution of a rotational angle measurement apparatus for correcting
a pin-angle error o according to an eighth embodiment of the invention;

Fig. 26 is a constitutional view of a motor system using the rotational angle measurement apparatus according to
each of the embodiments of the invention;

Fig. 27 is a constitutional view of a motor system using the rotational angle measurement apparatus according to
each of the embodiments of the invention;

Fig. 28 is a constitutional view of an electric power steering system using a rotational angle measurement apparatus
according to each of the embodiments of the invention; and

Fig. 29 is an explanatory view of an inspection system upon manufacturing a magnetic sensor using the rotational
angle measurement apparatus according to each of the embodiments of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0046] The constitution and the operation of a rotational angle measurement apparatus according to a first embodiment
of the invention are to be described with reference to Figs. 5to 7.

[0047] First of all, a first constitution of the rotational angle measurement apparatus for examining a pin-angle error
o according to this embodiment is to be described with reference to Fig. 5.

[0048] Following abbreviations are used in Figs. 5, 8, 11, 13, 19, 20, 23, 24, and 25 :

"ROT. AGL. MEA. APPR" stands for "rotational angle measurement apparatus"; "MAG.SENS" stands for "magnetic
sensor"; "DETC.CKT" stands for "detection circuit unit";

"SIG.PROC" stands for "signal processing unit"; "AVR." stands for "averaging unit"; "DUR.DETM" stands for "dura-
tion-determination unit"; "MEM" stands for "parameter-storing unit".

[0049] Fig. 5 is a block diagram showing the first constitution of the rotational angle measurement apparatus for
examining the pin-angle error o. according to the first embodiment of the invention.

[0050] Arotational angle measurementapparatus 201D of this embodiment has a magnetic sensor 301 and a detection
circuit unit 302D. The detection circuit unit 302D has a signal processing unit 303D. The magnetic sensor 301 has two
bridges (COS bridge 60A and SIN bridge 60B) comprising GMR elements. A differential amplifier 351A detects a difference
voltage between terminals V1 and V2 of the COS bridge to output a difference signal Vx, in which it is set as Vx = -AVc
=-(V2-V1). A differential amplifier 351B detects a difference voltage between terminals V1 and V2 of the SIN bridge to
output a difference signal Vy, in which it is set as Vy = AVs.

[0051] In the present specification, the difference signals Vx and Vy are referred to as output signals of the respective
bridges.

[0052] The constitution of the magnetic sensor used in the rotational angle measurement apparatus according to this
embodiment is to be described with reference to Figs. 6A and 6B.

[0053] Fig. 6A and 6B is a constitutional view of the magnetic sensor used in the rotational angle measurement
apparatus according to the first embodiment of the invention.

[0054] The magnetic sensor used in this embodiment comprises a COS bridge 60A shown in Fig. 6A, and an SIN
bridge 60B shown in Fig. 6B.
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[0055] The pin angle of magneto-resistance elements R1 (51-1) and R3 (51-3) constituting the COS bridge 60A is set
to 6p = 0, and the pin angle of the magneto-resistance elements R2 (51-2) and R4 (51-4) is set as: 6p = 180°.

[0056] The pin angle of magneto-resistance elements R1 (52-1) and R3 (52-3) constituting the SIN bridge 60B is set
to 6p = 90°, and the pin angle of the magneto-resistance elements R2 (52-2) and R4 (52-4) is set as: 6p = 270°.
[0057] As described above, the actual magnetic sensor contains an error in the setting of the pin angle. The pin-angle
error (error) of each of the magneto-resistance elements is assumed as «i (i = 1 to 4). That is, as shown in Fig. 6A and
6B, respective pin angles of the COS bridge are assumed as ap = 0 - a1, 180° - 02 and respective pin angles of the
SIN bridge are assumed as 6p = 90 - a3, 270° - 04.

[0058] The pin angle is set, for example, by setting the magnetization direction ap by applying an external magnetic
field upon depositing a pinned magnetic layer. Accordingly, the pin-angle error ai of the magneto-resistance elements
of an identical pin angle in each of the bridges is identical. Therefore, the model adapted to have four types of error ai
in the pin-angle setting as shown in Fig. 6A and 6B is valid without loss of generality.

[0059] Inthis embodiment, anerrordue to the pin-angle erroris detected in the rotational angle measurement apparatus
using the magnetic sensor having an error of the pin angle as shown in Fig. 6A and 6B. Further, in other rotational angle
measurement apparatus to be described later, an error due to the detected pin-angle error is corrected by the output
rotational angle.

[0060] At first, it is described that the problem of four types of pin-angle errors ai (i = 1 to 4) is attributable to the
problem of one type of pin-angle error a.

[0061] At first, the effect of the error of two types of pin angles in the COS bridge shown in Fig. 6A is to be described.
[0062] Assuming n = 1 in the equation (2), the magneto-resistance element R1 is represented as:

[Equation 14]

R =R, ——g—cos(9+a,) . (14)

[0063] Assuming n = 2 in the equation (3), the magneto-resistance element R2 is represented as:

[Equation 15]
G
R,=R, +-2—cos(t9+a2) . (15)

[0064] Thus, the output signal AVc of the bridge is represented as in the following equation (16):

[Equation 16]

AV, R-R _ 1
€& Ry+R  Ry+Ry

[(R20 —R,)+ %{cos(@ + a,)+ cos(@ + a, )}:l - (16)

[0065] When a portion depending on the direction of the magnetic field is expanded and arranged, the following
equation (17) can be obtained:
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[Equation 17]

cos(f + a, )+ cos(f + a, ) = cosO(cos @, +cos,)-sinH(sina, +sinea,) (17)
=rsin(f +a,)

[0066] Assuming A = cosal + coso2, B = sina1 + sino2, and r = SQRT (A2 + B2) in the equation (17), sino is
represented as:

[Equation 18]

sina, _B . (18)
r

[0067] In the specification, the function SQRT(y) represents "square root of y".

[0068] Then, the amplitude r of the equation (18) is estimated. In a case where a1 = o2 (that is, no pin-angle error in
the bridge), r = 2. Further, in the case where the pin-angle error in the bridge is 4°, for example, a1 = +2° and 02 = -2°,
r=2 X 0.9994, in which the amplitude difference is only 0.06%. This is a level that cannot be detected experimentally
and therefore, in the case where the pin-angle error is 4°, there is no substantial amplitude variation. Also in the case
where the a1 = +5° and o2 = -5° (pin-angle error of 10°), r = 2 X 0.996 which is a level with no substantial amplitude
variation. Accordingly, in the case where the pin-angle error in the bridge is 10° or less, there is no substantial amplitude
variation, and therefore, only the phase variation should be taken into consideration.

[0069] The equation (18) showing the phase variation can be transformed as described below.

[Equation 19]

: B 2. al+a2) (a,—az)
sing, = — = —sin| ——2 |cos| ——2%
ror 2 2

(o +a,
S| —— |
2

[0070] Accordingly, it is represented as:

(19)

[Equation 20]

aczgl—;—al - (20)

[0071] Thatis, it can be seen that the output signal of the COS bridge where a pin-angle error is present in the bridge
may be considered on the coordinate system with the average value for two pin-angle errors as the angle origin. This
is also applicable to the SIN bridge output.

[0072] In the following description, the angle origin of the coordinate system is referred to as "the reference angle of
pinned magnetic layer of a bridge".

[0073] As can be seen from the result described above, the angle origin of the COS bridge 60A is a.c represented by
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the equation (20), and the angle origin of the SIN bridge 60B moves to as = (a3 + 04)/2.

[0074] Fig. 7 schematically shows the present situation. In Fig. 7, an effective coordinate axis is denoted by a dotted
line. The X axis 70 of the effective coordinate axis acts as the reference angle of pinned magnetic layer of a bridge.
[0075] Referring to Fig. 7, the ratio between the signal Vx of the COS bridge and the signal Vy of the SIN bridge is
represented by the following equation.

[Equation 21]

V, _sin(@+ay) _ sin(f + )
v, cos(@'+a,.) cosd

x

(21)

in which o = as - ac.

[0076] As described above, also when 4 types of pin-angle error «i (i = 1 to 4) are included, correction can be made
by the pin angle o represented by the equations (20) and (21).

[0077] In this case, we put 6 = 0’ + o, and therefore, ac is unknown. c.c can be determined easily by correlating the
origin of the rotational angle measurement apparatus with the system origin of an equipment to which the rotational
sensor is applied.

[0078] From the result described above, signals from the COS bridge having the pin-angle errors o1, 02, and signals
from the SIN bridge having the pin-angle errors a3, 04 can be defined by the following equations (22) and (23).

[Equation 22]

AV, =—C-C2—;cosé? . (22)

[Equation 23]

AV;=+Cgsin(¢9+a) . (23)

in which C is a proportional constant, o = as - ac, ac = (a1 + 02)/2, and as = (a3 + 04)/2.
[0079] Assuming as; Vx =-AVc, and Vy = AVs and determining the ratio Ryx of Vx and Vy, the ratio is defined as:

[Equation 24]

R - v, _ sin(@ + a)

— 24
OV, cosd (24)

[0080] When a sin function for the numerator is expanded, the following equation (25) can be obtained.
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[Equation 25]

R - V, sinfcosa +cosfsina
4 cosd

x

=tan@cosa +sina .. (25)

[0081] Since tand is an odd function, the first term is reduced to zero by averaging the equation (25) over a range of
6 = 0 to 360°, and therefore, sina, is determined. This is represented by the equation:

[Equation 26]
average(Ryx,[O,2ﬂ))= sina=p .. (26)

[0082] Here, average( ) represents a processing for averaging the firstargumentin the interval of the second argument.
The averaging interval [0, 2rt) shows "starting from O to just before 2n". 2 is not included so as to avoid double calculation
with a case of 6 = 0.

[0083] According to the equation (26), a pin-angle error o to be determined is obtained. It is set in this embodiment
as B = sina.. As will be described later, when correction is conducted based on the pin-angle error o during the operation
of the GMR rotational sensor, 3 = sina is used. Accordingly, in the actual correction, it may suffice to determine 3 and
arcsine calculation is not necessary.

[0084] As can be seen from the equation (25), a barycenter for the ratio Ryx is determined in the equation (26).
Accordingly, in the equation (25), the equation (26) may be averaged by sampling at an equal interval with respect to
0. For example, Ryx may be sampled at a constant time interval while rotating a magnetic field generator at a constant
angular velocity.

[0085] In the actual calculation of a correction coefficient, since Ryx diverges infinitely in the vicinity of Vx = 0 in the
equations (25) and (26), a conditional operation based on absolute values of Vx and Vy is introduced. That is, it is
conditioned as:

[Equation 27]

i/‘”(]K|>II/y|)henaverage ?,[0,272’) =sina=pf .. (27)

x

[0086] In the equation (27), since one-half of sampling points is taken in the interval [0, 2r), the value for the equation
(27) is equal to B = sina in view of the nature of an odd function of tan8 in the equation (23).

[0087] Then, the constitution and the operation of the signal processing unit 303D are to be described again with
reference to Fig. 5.

[0088] The output signal Vx of the COS bridge, that is, the output signal Vx of the differential amplifier 351A is defined
as the input signal Vx to the signal processing unit 303D, and the output signal Vy of the SIN bridge, that is, the output
signal Vy of the differential amplifier 351B is defined as the input signal Vy to the signal processing unit 303D.

[0089] The signal processing unit 303D has aratio-calculation unit 381, an averaging unit 386, a duration-determination
unit 387, and a parameter-storing unit 390.

[0090] The ratio-calculation unit 381 receives the input signals Vx, Vy inputted to the signal processing unit 303D and
calculates the ratio Vy/Vx. Specifically, the signals Vx, Vy are inputted to an A/D converter of a microcontroller and the
ratio-calculation unit 381 may be disposed in the microcontroller. Upon calculation of the ratio Vy/Vx, the calculation
error can be reduced by the conditional branching based on comparison of the absolute values as shown in the equation
(27).

[0091] Then, the averaging unit 386 receives the ratio r = Vy/Vx and averages the same. Averaging is conducted for
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the duration in which the direction of the magnetic field turns for one rotation. To detect the rotational duration, the
duration is determined by using a duration-determination unit 387. Specifically, the duration is determined as one duration
till which the voltage of the signal Vx twice passes the value equal to the starting voltage. Since the signal Vx is in
proportion to a cos6, twice passage through the identical value corresponds to 1 cycle. As shown in the equation (27),
the average value is equal to the sine of the angle error o (( = sinc).

[0092] Duration for averaging processing may also be the duration in which the direction of the magnetic field rotates
for a plurality of times. When the averaging duration is an integer multiple of 360°, that is, [0, 2Nrr), the obtained average
value is equal to the sine of the pin-angle error o ((3= sinc), since the first term in the equation (25) is reduced to zero.
Nris an integer of 1 or greater, which is the number of cycle for the rotation of the direction of the magnetic field. Further,
when the magnetic field is rotated by plural times, since the number of sampling points of data to be averaged increases,
this provides an effect of improving the calculation accuracy for the 3 value.

[0093] The thus obtained f value (sine value for the pin-angle error o) is stored in the parameter-storing unit 390.
[0094] The step of obtaining the parameter by determining the pin-angle error o. as described above in this embodiment
has the following features.

(a) In the step of determining the amount of pin-angle error o (Fig. 5), the value of the angle origin is not required.
This is because the output signal of the COS bridge having pin-angle errors in the bridge can be processed on the
coordinate system whose angle origin is the average value for the two pin-angle errors. Accordingly, no encoder is
required, and it may suffice to conduct sampling at a constant time interval by rotating a magnet at a constant
velocity. Therefore, on-site correction in a state assembled in an application system is also possible.

(b) Since the calculation for trigonometric function is not necessary, the amount of calculation operation is small.
(c) Since parameter fitting is not conducted, o value is determined uniquely.

[0095] As described above, according to this embodiment, correction of an error generated due to the pin-angle error
of the rotational angle measurement apparatus can be attained without using an encoder for calibration.

[0096] The calculation for the pin-angle error can be corrected with a small amount of calculation operation.

[0097] The constitution and the operation of a rotational angle measurement apparatus according to a second em-
bodiment of the invention are to be described with reference to Figs. 8 to 10.

[0098] First, a first constitution of the rotational angle measurement apparatus for correcting the pin-angle error o
according to this embodiment is to be described with reference to Fig. 8.

[0099] Fig. 8 is a block diagram showing the first constitution of the rotational angle measurement apparatus for
correcting the pin-angle error o according to the second embodiment of the invention.

[0100] Fig. 8 shows a circuit constitution for executing correction processing during operation as a rotational angle
sensor in which a rotational angle measurement value is corrected by using the sine B (= sinco) of the error o. determined
by the constitution of Fig. 5.

[0101] A rotational angle measurement apparatus 201M of this embodiment includes a magnetic sensor 301 and a
detection circuit unit 302M. The detection circuit unit 302M has a signal processing unit 303M. The magnetic sensor
301 has two bridges (COS bridge and SIN bridge) each comprising GMR elements. A differential amplifier 351A detects
a difference voltage between terminals V1, V2 of the COS bridge and outputs a difference signal Vx. In the same manner,
a differential amplifier 351B detects a difference voltage between terminals V1 and V2 of the SIN bridge and outputs a
difference signal Vy. In the present specification, the difference signals Vx and Vy are referred to as output signals of
the respective bridges. The bridge output signals Vx and Vy are input signals Vx and Vy inputted to the signal processing
unit 303M.

[0102] A ratio-calculation unit 381 receives input signals Vx and Vy inputted to the signal processing unit 303M and
determines a ratio Vy/Vx. Specifically, the signals Vx and Vy are inputted to an A/D converter of a microcontroller and
a ratio-calculation unit 381 may be disposed in the microcontroller. Then, a parameter correction unit 382 reads out a
correction parameter 3 stored in a parameter-storing unit 390 and conducts the correction processing. Specifically, the
parameter f is subtracted from the ratio Vy/Vx. Then, an atan-processing unit 383 conducts arctangent processing to
calculate an angle of magnetic field 6.

[0103] The atan-processing unit 383 calculates an angular value 6 corrected for the pin-angle error by the calculation
as follows:
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[Equation 28]

V
0 = ArcTan 7"—,8 .. (28)

x

[0104] Inthis specification, the processing of the equation (28) is deemed to be a processing of appropriately outputting
a value in the 4-quadrant over 6 = 0 to 360° as shown in the following equation. That is, 6 is equivalent to the following
equation (29).

[Equation 29]
0=atan2(y, - pv,.V,) .. (29)

[0105] 6 = atan2 (y, x) is a function of appropriately outputting the value: 6 = 0 to 360° (or -180 to 180°) depending on
whether the arguments x, y are positive or negative. For example, when both of x and y are positive, atan2 (y, x) =
ArcTan (y/x), whereas when both of x and y are negative, atan2 (y, x) = ArcTan (y/x) + 180°.

[0106] The atan-processing unit 383 conducts the processing of the equation (29).

[0107] The equation (28) is equivalent to approximation of coso. = 1 in the equation (25). According to the inventor’s
study, this approximation is effective in the case of || < 4°. This is to be described later with reference to data.

[0108] Thatis, the correction method by the circuit in Fig. 8 is particularly preferred since a sufficient accuracy can be
obtained when the method is applied to a case where the difference o of the reference angle of the pinned magnetic
layer of each bridge in the magnetic sensor is 4° or less.

[0109] As described above, the correction processing during a sensing operation in the correction method of the
embodiment has the following features.

(a) The operation added to the correction processing is only the subtraction of the j value, and therefore, the burden
on the correction operation process during sensing operation that requires real-time response is extremely small.
(b) Since the correction value B does not depend on the angle of magnetic field 6, the angle origin is not required
in the correction processing. Accordingly, even when the angle origin has an error, the output angle value is correct
as a relative value.

[0110] As apparent from Fig. 8 and the equation (28), the feature of this embodiment is to obtain more correct angular
value 6 corrected for the error due to the pin-angle error by subtracting a constant value () from the ratio of the output
signals Vx and Vy from the COS bridge and the SIN bridge respectively. In a case where the B value is negative, a
constant value is added.

[0111] In the foregoing and subsequent descriptions, the output signal Vx from the bridge means the difference signal
Vx=V1-V2between the terminals V1 and V2 of the bridge, or a signal obtained by multiplying an appropriate amplification
factor to the difference signal. In Fig. 8, this signal corresponds to the output signal of the differential amplifier 351A.
The output signal Vy of the SIN bridge is a difference signal Vy = V2 - V1 or a signal obtained by multiplying an appropriate
amplification factor to the difference signal.

[0112] Assuming the angle outputted from the rotational angle measurement apparatus in this embodiment as 6, tan6
is (Vy/Vx - B) as shown in the equation (28). Accordingly, the difference between the ratio Vy/Vx of the output signals
from the COS bridge and the SIN bridge, and the tan6 for the output value 6 of the rotational angle measurement
apparatus is a constant non-zero value (not zero) (B) not depending on the rotational angle. That is, when taking notice
on the relation between the input and the output of the signal processing unit 303M shown in Fig. 8, the input signals
are Vx and Vy, and the output thereof is 6. Then, the difference between the ratio Vy/Vx of the input signals and the tan6
of the output signal is . As can be seen from the equation (28), 8 is a constant non-zero value not depending on the
rotational angle. Therefore, the correction method shown in Fig. 8 and represented by the equation (28) is equivalent
to that the difference between the ratio Vy/Vx of the input signals to the signal processing unit 303M and the tan6 for
the output value 0 of the rotational angle measurement apparatus is the constant non-zero value (that is not zero) (B)
not depending on the rotational angle.
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[0113] Since B = 0 corresponds to a case in which the correction processing is not conducted, when the process of
this embodiment is conducted, the B value is a constant non-zero value.

[0114] While the relation between the equation (28) and the equation (29) is correct, the ratio Vy/Vx diverges as Vx
approaches zero. Accordingly, the calculation error increases when the calculation is conducted with a finite digit number.
Further, when the circuit operation is tested, the effect of the measurement error is expanded. Then, in the case of |Vx|
< |Vy|, the equation (24) is transformed as in the following equation (30) by using the ratio r2 = Vx/Vy.

[Equation 30]

(1-Br)cotd=r, .. (30)

[0115] Thatis, for testing the operation of the circuit in Fig. 8, the equation (28) may be used in the case of |Vx| > |Vy]|
and the equation (30) may be used in the case of |[Vx| < |Vy|. Then, the operation can be tested with a minimum effect
of the calculation error or the measurement error. Since the relation using the atan2 function of the equation (29) contains
conditional branching process depending on the magnitude relation of |Vx|, |Vy]| in the internal algorithm of the atan2
function, equation (29) is valid in any of the cases.

[0116] While a constitution in which the differential amplifiers 351A and 351B are included in the detection circuit unit
302M is shown in Fig. 8, it may be constituted such that the differential amplifiers 351A and 351B are included in the
magnetic sensor 301 and the output signals Vx and Vy are transmitted by way of wirings and inputted to the detection
circuitunit 302M. The constitution described above less undergoes the effect of external noises by lowering the impedance
of output from the differential amplifier.

[0117] Then, description is to be made to an estimation accuracy of the pin-angle error a in the rotational angle
measurement apparatus according to this embodiment with reference to Figs. 9 and 10.

[0118] Figs. 9 and 10 are explanatory views for the estimation accuracy of the pin-angle error o in the rotational angle
measurement apparatus according to the second embodiment of the invention.

[0119] Inthis simulation, Vx and Vy signals including the pin-angle error o. are generated and the signals are processed
as shown in Fig. 8 to determine an estimated value oe of the pin-angle error. The estimation error (oe - o) is determined
as described above.

[0120] Fig. 9 shows the result of the simulation. Fig. 9 is a graph formed by changing the pin-angle error o in the range
from 0 to 2° and then plotting the estimation errors (o€ - o). The amount of estimation error is determined by using the
number of sampling signals (number of sampling points) N during one rotation of the direction of the magnetic field as
a parameter. When the number of sampling points is N = 50, the o value is estimated correctly when o < 2°. However,
when the number of sampling points N is increased to 100 points, an estimation error of about 1° is generated for . > 1°.
[0121] Then, Fig. 10 shows the result of examining the estimation error when changing the starting angle 6start. The
starting angle Bstart shows that sampling range is set for [bstart, 2r + 6start). The sampling points are set as N = 100.
As a result, as shown in Fig. 10, when the starting angle 6start is 5°, the estimation error increases to 0.5° or more and
the estimation error increases even in the case where the amount of error is: o < 1°. In the actual correction coefficient
calculation, since the origin for the direction of the magnetic field is unknown, it is necessary that the o value can be
estimated accurately for any 6start value. When the starting angle 6start is 4° or less, the estimation error is small and
within a range of practical use. This is to be described later with reference to Fig. 22.

[0122] As described above, according to this embodiment, an accurate rotational angle can be measured even by
using a magnetic sensor including an error in the pin angle setting.

[0123] Further, since tolerance for setting the pin angle increases upon manufacturing the magnetic sensor, this
facilitates manufacture.

[0124] Further, the error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0125] Further, correction for the error generated by the pin-angle error of the rotational angle measurement apparatus
can be attained without using an encoder for calibration.

[0126] Then, description is to be made to afirst constitution of a rotational angle measurement apparatus for examining
a pin-angle error o and correcting the pin-angle error o according to a third embodiment of the invention with reference
to Fig. 11.

[0127] Fig. 11 is a block diagram showing the first constitution of the rotational angle measurement apparatus for
examining the pin-angle error o and correcting the pin-angle error o according to the third embodiment of the invention.
In Fig. 11, identical reference numerals to those of Figs. 5 and 8 denote identical portions.

[0128] A rotational angle measurement apparatus 201DM of this embodiment includes a magnetic sensor 301 and a
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detection circuit unit 302DM. The detection circuit unit 302DM has a signal processing unit 303DM. The magnetic sensor
301 has two bridges (COS bridge and SIN bridge) each comprising GMR elements. A differential amplifier 351A detects
a difference voltage between terminals V1 and V2 of the COS bridge and outputs a difference signal Vx. In the same
manner, a difference amplifier 351B detects a difference voltage between terminals V1 and V2 of the SIN bridge and
outputs a difference signal Vy.

[0129] The signal processing unit 303DM has a signal processing unit 303D for detecting a pin-angle error oo and a
signal processing unit 303M for correcting the detected pin-angle error o.. The signal processing unit 303D has a con-
stitution described with reference to Fig. 5, and the signal processing unit 303M has a constitution described with
reference to Fig. 8. That is, the signal processing unit 303D has a ratio-calculation unit 381, an averaging unit 386, a
duration-determination unit 387, and a parameter-storing unit 390. The operation of the signal processing unit 303D is
as described in Fig. 5. The signal processing unit 303M has the ratio-calculation unit 381, a parameter correction unit
382, an atan-processing unit 383, and a parameter storing unit 390. The operation of the signal processing unit 303M
is similar to what has been described in Fig. 8.

[0130] As described above, according to this embodiment, an accurate rotational angle can be measured even by
using a magnetic sensor including an error in the pin-angle setting.

[0131] Further, since the tolerance for setting the pin angle increases upon manufacturing the magnetic sensor, this
facilitates manufacture.

[0132] Further, the error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0133] Further, correction for the error generated by the pin-angle error of the rotational angle measurement apparatus
can be attained without using an encoder for calibration.

[0134] Then, the constitution and the operation of the rotational angle measurement apparatus according to the third
embodiment of the invention are to be described with reference to Figs. 12 to 18.

[0135] As described in Figs. 9 and 10, in the method of the first embodiment (Fig. 5), a range where the pin-angle
error can be estimated at a sufficient accuracy is restricted to some extent.

[0136] Then, the present inventors have made an earnest study for the cause of degrading the estimation accuracy
and have found the following points.

[0137] Then, description is to be made to the waveform of the signal ratio r = Vy/Vx in the rotational angle measurement
apparatus according to the first embodiment with reference to Fig. 12.

[0138] Fig. 12is an explanatory view for the waveform of the signal ratio r = Vy/Vx in the rotational angle measurement
apparatus according to the first embodiment of the invention.

[0139] In Fig. 12, there are segments, in which the signal ratio r = Vy/Vx is not caclulated, owing to the conditional
branching in equation (27) with respect to the absolute values |Vx| and |Vy|. The equation (27) calculates the average
for the ratio r = r(0) in the form shown in Fig. 12. As can be seen from Fig. 12, since the ratio r(8) has a good symmetry,
intermediate values cancel out between positive and negative values in the averaging process. Accordingly, the average
value is substantially dominated by data at several points for maximum and minimum values of r(8) indicated by symbol
"0" in Fig. 12. Since the maximum and minimum values of r(6) change greatly by a slight change of 0, they suffer from
a significant effect depending on the processing conditions such as a number of sampling points for the signals Vx and
Vy. As a result, the 8 value calculated by the equation (26) undergoes the effect to result an error in the pin-angle error
estimated value ae.

[0140] Then, description is to be made to a second constitution of the rotational angle measurement apparatus for
examining a pin-angle error o according to this embodiment with reference to Fig. 13.

[0141] Fig. 13 is a block diagram showing the second constitution of the rotational angle measurement apparatus for
examining the pin-angle error o according to the third embodiment of the invention.

[0142] This embodiment enhances the estimation accuracy of the pin-angle error «.

[0143] A rotational angle measurement apparatus 201DA includes a magnetic sensor 301 and a detection circuit unit
302DA. The detection circuit unit 302DA has a signal processing unit 303DA. The magnetic sensor 301 has two bridges
(COS bridge and SIN bridge) each comprising GMR elements. A differential amplifier 351A detects a difference voltage
between terminals V1 and V2 of the COS bridge and outputs a difference signal Vx. In the same manner, a differential
amplifier 351B detects a difference voltage between the terminals V1 and V2 of the SIN bridge and outputs a difference
signal Vy. In the present specification, the difference signals Vx and Vy are referred to as output signals of the respective
bridges. The output signals Vx and Vy of the bridges are input signals Vx and Vy inputted to the signal processing unit.
[0144] Aratio-calculation unit381 receives the inputsignals Vx, Vy inputted to the signal processing unitand determines
the ratio Vy/Vx. Specifically, the signals Vx, Vy are inputted to an AD converter of a microcontroller, and a ratio-calculation
unit 381 may be disposed in the microcontroller. Upon calculation of the ratio Vy/Vx, the calculation error can be decreased
by conditional branching process based on magnitude comparison between absolute values |Vx| and |Vy].

[0145] Then, a window function processing unit 385 receives the ratio r = Vy/Vx and applies an appropriate window
function to be described later with respect to Fig. 14. An averaging unit 386 receives the signals subjected to the window
function processing and conducts averaging processing. The averaging processing is conducted for the duration in
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which the direction of the magnetic field turns for one rotation. Duration is determined by using a duration-determination
unit 387 for detecting the duration for one rotation. Specifically, the duration-determination unit 387 determines the
duration till which the Vx signal voltage twice passes a value equal to the starting voltage. Since the Vx signal is in
proportion to cos8, twice passage through the identical value corresponds to 1 cycle. As shown in the equation (27), the
average value is equal to the sinf of the pin-angle error o (= sinc).

[0146] The duration for averaging process may be the duration in which the direction of the magnetic field rotates for
several times. Since the first term in the equation (25) is reduced to zero when the averaging duration is a multiple integer
of 360°, that is, [0, 2Nrr), the obtained average value is equal to the sin for the pin-angle error o ( = sinc). Here, Nr is
an integer of 1 or greater which is the number of cycles for the rotation of the direction of the magnetic field. Further,
since the number of sampling points of data to be averaged is increased by rotation for a plurality of times, it also provides
an effect of improving the calculation accuracy for the B value.

[0147] The B value obtained as described above is stored in a parameter-storing unit 390.

[0148] Next, a window function W(r) used in the window function processing unit 385 in the rotational angle measure-
ment apparatus according to this embodiment is described with reference to Figs. 14 and 15.

[0149] Figs. 14 and 15 are explanatory views for the window function used in the window function processing unit of
the rotational angle measurement apparatus according to the third embodiment of the invention.

[0150] As a specific example of the window function W(r) used in the window function processing unit 385, the following
equation (31) is used.

[Equation 31]

w(r)=1-r* .. (31)

[0151] Fig. 14 shows a function form of the window function W(r) represented by the equation (31). The requirements
for the window function applied to the window function processing unit 385 of the processing circuit 303DA in Fig. 13
are the following two conditions:

(a) It is an even function symmetrical with respect tor = 0.
(b) It has a function form in which the value is smaller toward the both ends of the input range.

[0152] As shown in Fig. 14, the window function W(r) of the equation (31) satisfies the conditions (a) and (b).

[0153] Fig. 15 is a graph formed by plotting "r X W(r)" prepared by multiplying the ratio r by the window function W(r)
of the equation (26) relative to the angle of magnetic field 6. It can be seen that discontinuous points present in the ratio
r are eliminated by multiplying the window function to form a smooth waveform with respect to 6. Accordingly, even when
conditions such as the number of sampling points or sampling start angle are changed, for instance, the average value
of r X W(r) changes scarcely. That is, since a stable and robust estimation method is obtained by applying the window
function, it is more preferable.

[0154] The process of a signal processing circuit, in Fig. 13, which is made robust by applying the window function,
can be described using the following equation (32).

[Equation 32]

v

Ve

r2=r’(1—r2) .. (32)
average(r,,[0,27)) 4 =sina = B

if GV;I > |Vy|)thenr =

[0155] The coefficient A is a conversion coefficient formed by introducing the window function. Conversion coefficient
Ais A = 5.5 when the window function of the equation (31) is used. When the form of the window function is changed,
the coefficient A also changes.
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[0156] Then, description is to be made to estimation accuracy for the amount of the pin-angle error o in the rotational
angle measurement apparatus according to this embodiment with reference to Figs. 16 to 18.

[0157] Figs. 16 to 18 are explanatory views for the estimation accuracy of the amount of pin-angle error o in the
rotational angle measurement apparatus according to the third embodiment of the invention.

[0158] The estimation error when the pin-angle error o is estimated by the constitution shown in Fig. 15 or by the
equation (32) is to be described. The method of determining the estimation error (c.e - o) is as described above.
[0159] Fig. 16 shows a result of examining the estimation error (ae - o) of the pin-angle error o by changing the number
of sampling points N. When the number of sampling points N is 50 points, the estimation error also increases as the
pin-angle error o increases. On the other hand, when N = 100 points, the estimation error is within 0.1°, and a sufficient
accuracy is obtained. The accuracy is further enhanced at N = 200 points and the error is reduced to 0.03° or less.
Further, it can be seen that the estimation accuracy of +0.2’ can be obtained by setting the sampling points as: N > 100.
[0160] Fig. 17 shows a result of examining the dependence on a starting angle 6start. The pin-angle error is estimated
while changing sampling range to [Bstart, 360° + 6start). The estimation error falls within a range of +0.1° even when
the range is changed as Ostart = 0 to 2, 22° and it can be seen that the error can be estimated stably by the introduction
of the window function W(r).

[0161] Fig. 18 shows the result of examining the effect of noises. The effect of superimposing noises on the signals
Vx and Vy signals is examined. Noise components at amplitude ratio b(%) with respect to the cos or sin component are
superimposed on the signal voltages Vx and Vy and the estimated value oe of the pin-angle error o is determined based
on the signals (Vx, Vy) including the noises. Fig. 18 shows the estimation error. The estimation error is +0.1° or less at
the amplitude ratio b = 0.50 of the noise, and it is =0.25° or less at the amplitude ratio b = 1% of the noise. As the noise
amplitude increases as: b = 2%, the estimation error increases to =1%. It can be seen from Fig. 18 that the pin-angle
error can be estimated at a sufficient accuracy when the noise is 0.5% or less.

[0162] Anaccurate estimation value a.e can be given stably and robustly even when various signal obtaining conditions
are changed according to the constitution of Fig. 13, that is , a constitution of determining the sine of the pin-angle error
o (B = sina) by averaging a value obtained by multiplying the ratio variable r = Vy/Vx by a window function W(r).
[0163] Inthe parameter estimation processing method shown by the equation (32), the angle of magnetic field 6 may
be for one rotation but it may be for plural rotations. That is, it may be Nr rotations (Nr > 1). By Nr rotation, since the
number of sampling points substantially increases and the accuracy of the parameter estimation is improved, it is further
preferable.

[0164] As described above, according to this embodiment, correction for the error generated due to pin-angle error
in the rotational angle measurement apparatus can be attained without using an encoder for calibration.

[0165] Further, calculation for the pin-angle error can be corrected with a small amount of calculation operation.
[0166] Then, description is to be made to the second constitution of a rotational angle measurement apparatus for
examining a pin-angle error o. and correcting the pin-angle error o according to a fourth embodiment of the invention
with reference to Fig. 19.

[0167] Fig. 19 is a block diagram showing a second constitution of the rotational angle measurement apparatus for
examining a pin-angle error o and correcting the pin-angle error o according to the fourth embodiment of the invention.
In Fig. 19, identical reference numerals to those in Figs. 8 and 13 denote identical portions.

[0168] A rotational angle measurement apparatus 201DMA of this embodiment includes a magnetic sensor 301 and
a detection circuit unit 302DMA. The detection circuit unit 302DMA has a signal processing unit 303DMA. The magnetic
sensor 301 has two bridges (COS bridge and SIN bridge) each comprising GMR elements. A differential amplifier 351A
detects a difference voltage between terminals V1 and V2 of the COS bridge and outputs a difference signal Vx. In the
same manner, a differential amplifier 351B detects a difference voltage between the terminals V1 and V2 of the SIN
bridge and outputs a difference signal Vy.

[0169] The signal processing unit 303DMA includes a signal processing unit 303D for detecting a pin-angle error o,
and a signal processing unit 303M for correcting the detected pin-angle error o.. The signal processing unit 303D has a
constitution explained with reference to Fig. 13, and the signal processing unit 303M has a constitution explained with
reference to Fig. 8. That is, the signal processing unit 303D includes a ratio-calculation unit 381, a window function
processing unit 385, an averaging unit 386, a duration-determination unit 387, and a parameter-storing unit 390. The
operation of the signal processing unit 303D is as described with reference to Fig. 13. The signal processing unit 303M
includes the ratio-calculation unit 381, a parameter correction unit 382, an atan-processing unit 383, and the parameter-
storing unit 390. The operation of the signal processing unit 303M is as described with reference to Fig. 8.

[0170] As described above, according to this embodiment, accurate rotational angle can be measured by using the
magnetic sensor including an error in a pin-angle setting.

[0171] Further, since the tolerance in the pin angle setting is increased upon manufacturing the magnetic sensor, this
facilitates manufacture.

[0172] Further, error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0173] Further, correction for the error generated due to the pin-angle error of the rotational angle measurement
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apparatus can be attained without using an encoder for calibration.

[0174] Then, description is to be made to a constitution and an operation of a rotational angle measurement apparatus
according to a fifth embodiment of the invention with reference to Figs. 20 to 22.

[0175] First, description is to be made to a second constitution of the rotational angle measurement apparatus for
correcting a pin-angle error o according to this embodiment with reference to Fig. 20.

[0176] Fig. 20 is a block diagram showing the second constitution of a rotational angle measurement apparatus for
correcting the pin-angle error o according to the fifth embodiment of the invention.

[0177] Fig. 20 shows a circuit constitution for executing the correction processing during operation as a rotational
angle sensor which corrects the rotational angle measurement value by using the sine of the error o (3 = sina) determined
by the constitution shown in Fig. 13. The constitution can correct the pin-angle error at the good accuracy even when it
is large.

[0178] Correction according to the equation (28) is effective in the case where the pin-angle error |o| < 4°. This
embodiment can conduct correction effectively even when the pin-angle error |o > 4°.

[0179] A rotational angle measurement apparatus 201MA includes a magnetic sensor 301 and a detection circuit unit
302MA. The detection circuit unit 302MA has a signal processing unit 303MA. The magnetic sensor 301 has two bridges
(COS bridge and SIN bridge) each comprising GMR elements. A differential amplifier 351A detects a difference voltage
between terminals V1 and V2 of the COS bridge and outputs a difference signal Vx. In the same manner, a differential
amplifier 351B detects a difference voltage between terminals V1 and V2 of the SIN bridge and outputs a difference
signal Vy. In the present specification, the difference signals Vx and Vy are referred to as output signals of the respective
bridges. The output signals Vx and Vy of the bridges are input signals Vx and Vy inputted to the signal processing unit.
[0180] A ratio-calculation unit 381 receives the input signals Vx and Vy inputted to the signal processing unit and
determines the ratio Vy/Vx. Specifically, the signals Vx and Vy are inputted to an AD converter of a microcontroller and
the ratio-calculation unit 381 may be disposed in the microcontroller. Then, a parameter correction unit 382 subtracts 3
from the ratio r and then divides the difference by a coefficient Bx. The parameters § and Bx are read out from a parameter-
storing unit 390.

[0181] Then, an atan-processing unit 383 conducts arctangent processing to calculate an angle of magnetic field 6.
[0182] Description is to be made specifically. From the equation (25), the following equation (33) is obtained.

[Equation 33]

0= ArcTan 1 ﬂ—ﬂ (33)
517 o

X x

in which Bx = SQRT(1 - p2).
[0183] Then, according to the equation (33), a value in the 4-quadrant for 0 to 360° is outputted appropriately in
consideration of positive and negative sign for Vx and Vy. That is, 8 can be expressed by the following equation (34).

[Equation 34]
0=atan2(V, - pV,,BYV,) .. (34)

[0184] The parameter correction unit 382 calculates the contentin the bracketin the equation (33). The atan-processing
unit 383 conducts processing for outputting the value in the 4-quadrant for 0 to 360° as represented by the equation (34).
[0185] As apparent from Fig. 20, assuming the angle outputted from the rotational angle measurement apparatus
201M according to this embodiment as 0, the following relation is established between tan6 and the output signals Vx
and Vy of the magnetic sensor 301.
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[Equation 35]

—+ —tanf,=x .. (35)

1 Vv
Vi-x* V.

in which x = 8 is a constant non-zero value (that is, not zero) not depending on the rotational angle 6.

[0186] Since B = 0 corresponds to a case in which the correction processing is not conducted, when the processing
of this embodiment is conducted, the B value is a constant non-zero value.

[0187] While the relation described in the equation (33) and the equation (34) is correct, the ratio Vy/Vx diverges as
Vx approaches zero. Accordingly, the calculation error increases when calculation is conducted with a finite digital
number. Further, when the circuit operation is tested, the effect of the measurement error is expanded. Then, in the
case of | Vx | < |Vy|, the equation (33) is transformed by using the ratio r2 = Vx/Vy as described below.

[Equation 36]

(1 —xr)cotd=r1-x* .. (36)

in which r2 = (Vx/Vy).

[0188] Thatis, to test the operation of the circuit in Fig. 20, the equation (33) may be used in the case of |Vx| > |Vy]|
and the equation (36) may be used in the case of |Vx| < |Vy|. Therefore, the operation can be tested with a minimum
effect of the calculation error or measurement error. Since the relation using the atan2 function of the equation (34)
contains conditional branch processing depending on the magnitude relation between |Vx| and |Vy| in the internal algo-
rithm of the atan2 function, it is valid in any of the cases.

[0189] Then, description is to be made to estimation accuracy for the amount of the pin-angle error o in the rotational
angle measurement apparatus according to this embodiment with reference to Figs 21 and 22.

[0190] Figs 21 and 22 are explanatory views for the estimation accuracy for the amount of the pin-angle error o in the
rotational angle measurement apparatus according to the fifth embodiment of the invention.

[0191] Fig. 21Ais a graph formed by plotting errors of the rotational angle 6 after correction for the case of correction
by the correction circuit in Fig. 8 (A in the drawing) and a case of correction by the correction circuit in Fig. 20 (B in the
drawing) at the pin-angle error o of 4°.

[0192] Fig. 21B is a graph formed by plotting errors of the rotational angle 6 after correction for the case of correction
by the correction circuit in Fig. 8 (A in the drawing) and a case of correction by the correction circuit in Fig. 20 (B in the
drawing) at the pin-angle error o of 20°.

[0193] Fig. 21A shows a case in which the pin-angle error oo = 4° and the error is a maximum of 0.07° by using the
correction circuit of Fig. 8, that is, only by the correction for the B value and a sufficient accuracy can be obtained. On
the other hand, Fig. 21B is a case at o = 20° in which the error is a maximum of 1.7° by the correction circuit in Fig. 8
and the error is increased. However, when the correction circuit in Fig. 20 is used, the error is zero as shown in the curve
B in Fig. 21B and a sufficient accuracy can be obtained.

[0194] Fig. 22 shows a relation between various pin-angle errors and the maximum error for the output angle 6 by
each of the correction methods. In the drawing, the curve A shows the result using the correction circuit in Fig. 8, and
the curve B is a case of using the correction circuit in Fig. 20. As can be seen from the drawing, the error falls within
0.1° or less at o < 4° and a sufficient accuracy can be obtained by the correction circuit in Fig. 8. On the other hand, in
the case of 0.4°, it can be seen that a sufficient accuracy can be ensured by using the correction method of Fig. 20 (curve B).
[0195] Asdescribed above, according to thisembodiment, an accurate rotational angle can be measured by decreasing
the estimation error for the pin angle even a magnetic sensor including an error in the pin angle setting is used.
[0196] Further, since the tolerance for setting the pin angle increases upon manufacturing the magnetic sensor, this
facilitates manufacture.

[0197] Further, the error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0198] Further, correction for the error generated due to the pin-angle error of the rotational angle measurement
apparatus can be attained without using an encoder for calibration.

[0199] Then, descriptionis to be made to a third constitution of a rotational angle measurement apparatus for examining
a pin-angle error o. and correcting the pin-angle error o. according to a sixth embodiment of the invention with reference
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to Fig. 23.

[0200] Fig. 23 is a block diagram showing the third constitution of the rotational angle measurement apparatus for
examining the pin-angle error o and correcting the pin-angle error o according to the sixth embodiment of the invention.
In Fig. 23, identical reference numerals to those of Figs. 13 and 20 denote identical portions.

[0201] A rotational angle measurement apparatus 201DMB of this embodiment includes a magnetic sensor 301 and
a detection circuit unit 302DMB. The detection circuit unit 302DMB has a signal processing unit 303DMB. The magnetic
sensor 301 has two bridges (COS bridge and SIN bridge) each comprising GMR elements. A differential amplifier 351A
detects a difference voltage between terminals V1 and V2 of the COS bridge and outputs a difference signal Vx. In the
same manner, a difference amplifier 351B detects a difference voltage between terminals V1 and V2 of the SIN bridge
and outputs a difference signal Vy. In the present specification, the difference signals Vx and Vy are referred to as output
signals of respective bridges. The output signals Vx and Vy of the bridges are input signals Vx and Vy inputted to the
signal processing unit.

[0202] The signal processing unit 303DMB has a signal processing unit 303D for detecting a pin-angle error o. and a
signal processing unit 303M for correcting the detected pin-angle error o. The signal processing unit 303D has a con-
stitution described with reference to Fig. 13, and the signal processing unit 303M has a constitution described with
reference to Fig. 20. Thatis, the signal processing unit 303D has a ratio-calculation unit 381, a window function processing
unit 385, an averaging unit 386, a duration-determination unit 387, and a parameter-storing unit 390. The operation of
the signal processing unit 303D is as described in Fig. 13. The signal processing unit 303M has the ratio-calculation unit
381, a parameter correction unit 382, an atan-processing unit 383, and the parameter storing unit 390. The operation
of the signal processing unit 303M is as described in Fig. 20.

[0203] As described above, according to this embodiment, an accurate rotational angle can be measured even by
using a magnetic sensor including an error in the pin-angle setting.

[0204] Further, since the tolerance for setting the pin angle increases upon manufacturing the magnetic sensor, this
facilitates manufacture.

[0205] Further, the error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0206] Further, correction for the error generated due to the pin-angle error of the rotational angle measurement
apparatus can be attained without using an encoder for calibration.

[0207] Then, the constitution of a rotational angle measurement apparatus according to a seventh embodiment of the
invention is to be described with reference to Fig. 24.

[0208] Fig. 24 is a block diagram showing the constitution of the rotational angle measurement apparatus according
to the seventh embodiment of the invention.

[0209] The error of the measurement accuracy in the rotational angle measurement apparatus using the GMR sensor
is attributed to an error due to a pin-angle error; in some cases, the error of the measurement accuracy is also attributed
to a signal offset. This embodiment enables measurement at high accuracy by also removing such a cause of error.
[0210] The signal offset is generated due to variations in the angle-independent term Rn0 of GMR elements. The
signal offset that may be included in the output signals Vx and Vy of the GMR sensor is to be described.

[0211] Whentheresistance of a GMR element is separated into a magnetic field-independent term Rn0 and a magnetic
field dependent term AR and represented as:

[Equation 37]

R,=R

n

s AR .. (37)
[0212] The output signal AV of the GMR bridge is represented by the following equation (38):

[Equation 38]

Ay =& (RIORSO - R20R40)
(R + R, YR, +R,)

+CAR .. (38)

in which C is:
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[Equation 39]

_ eO(RIO + Ry + Ry + R4o)

C= (39)
(R +R YR, +R;)

[0213] In the equation (38), when the magnetic field-independent resistance components are equal to each other, no
offset is generated in signal AV since R10 x R30 = R20 x R40 is established. On the other hand, when R10 x R30 #
R20R40 due to the variations in resistance values, an offset component, which is independent of the direction of the
magnetic field, is generated.

[0214] Since the equations (22) and (23) are not valid when the offset is present, the correction algorithm of the
equation (27) or the equation (32) is not valid. Accordingly, prior to the application of the correction algorithm, it is
necessary to remove the signal offset.

[0215] As can be seen from the equation (37), in the case where the offset is present, the equations (22) and (23) are
represented by the following equations (40) and (41).

[Equation 40]

V,=-AV, =C%cos¢9+VC0ﬁv - (40)

G .
VyzAVS=C53m(6’+a)+VSN . (41)

[0216] Since negative and positive components of the cos function and the sin function are offset from each other by
1 cycle integration, the offset voltages VCofs and VSofs are determined by rotating the direction of the magnetic field
by 0to 360° and averaging the same. Thatis, the offset voltages VCofs and VSofs can be calculated by following equations;

[Equation 42]
average(V,,[0,27)) = Ve =b, ... (42)

X

[Equation 43]
average(Vy,[O,272'))= Ve =b, .. (43)
[0217] Accordingly, both of the offset voltage attributable to the scattering of the resistance and the pin-angle error
can be corrected by the following correction procedures.
(a) The magnetic field turns for 2 rotation at a constant angular velocity and

(b) the respective offset voltages bx, by of Vx and Vy are determined at the first rotation according to the equations
(42) and (43).
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(c) At the second rotation, the value Vx’' = Vx -bx and Vy’ = Vly - by obtained by subtracting bx and by from Vx and
Vy respectively are calculated to determine the amount of pin-angle error Brelative to Vx’ and Vy’ according to the
algorithm of the equation (27) or the equation (32).

(d) Bx is calculated from the B value according to Bx = SQRT(1-B2).

[0218] Description has been made to an example of turning the direction of the magnetic field for one rotation in the
detection step for the offset voltages bx and by and turning the direction of the magnetic field for one rotation in the
detection step for the amount of pin-angle error (correction parameter) B. Alternatively, it is also possible to turn the
direction of the magnetic field for (n+m) or more rotation, and turn the direction of the magnetic field for n rotations (n >
1) in the detection step for offset voltages bx and by, and then, turn the direction of the magnetic field for m rotations (m
> 1) in the detection step for the amount of pin-angle error (correction parameter) f.

[0219] Since the direction of the magnetic field may be rotated between the offset voltage detection step and the
detection step for the correction parameter B, the rotational direction of the direction of the magnetic field is (n+m) times
in total. When the direction of the magnetic field is turned by plural rotations in each of the detection step for the offset
voltage and the detection step for the correction parameter j3, this provides an advantage of enhancing the obtaining
accuracy for each of the parameters since the number of sampling points is increased.

[0220] The circuit shown in Fig. 24 shows a circuit constitution which is used for examining the pin-angle error o in
the case where the magnetic sensor includes a signal offset and a pin-angle error.

[0221] A rotational angle measurement apparatus 201DB of this embodiment includes a magnetic sensor 301 and a
detection circuit unit 302DB. The detection circuit unit 302DB has a signal processing unit 303DB. As described in Fig.
6A and 6B, the magnetic sensor 301 has two bridges (COS bridge and SIN bridge) each comprising GMR elements. A
differential amplifier 351A detects a difference voltage between terminals V1 and V2 of the COS bridge and outputs a
difference signal Vx. In this embodiment, it is set as Vx = -AVc = -(V2 - V1). Further, a differential amplifier 351B detects
a difference voltage between terminals V1 and V2 of the SIN bridge and outputs a difference signal Vy. In this case, Vy
= AVs. In the present specification, the difference signals Vx and Vy are referred to as output signals of the respective
bridges. The output signals Vx and Vy of the bridges are input signals Vx and Vy inputted to the signal processing unit.
[0222] A ratio-calculation unit 381 receives the input signals Vx and Vy inputted to the signal processing unit and
determines the ratio Vy/Vx. Specifically, the signals Vx and Vy are inputted to an AD converter of a microcontroller, and
the ratio-calculation unit 381 may be disposed in the microcontroller. Upon calculation of the ratio Vy/VXx, the calculation
error can be decreased by branching due to comparison between absolute values as shown in the equation (27).
[0223] Then, a window function processing unit 385 receives the ratio r = Vy/Vx and applies an appropriate window
function described in Fig. 14.

[0224] An averaging unit 386 receives the signal subjected to the window function processing and conducts averaging
processing. The averaging unit 386 averages the output signals Vx and Vy at the first rotation of the magnetic field
rotation to determine respective offsets bx and by in accordance with the equation (42) and the equation (43), and stores
them in a parameter-storing unit 390. At the second rotation of the magnetic field rotation, the output signals Vx and Vy
are subtracted by using the offset voltages bx and by stored in the storing unit 390 in the offset-subtraction units 353A
and 353B respectively.

[0225] Signals VX’ = Vx - bx and Vy’ = Vy - by corrected for the offset are the input signals inputted to the signal
processing unit 303DB. The input signals Vx’ and Vy’ inputted to the signal processing unit 303DB is processed as
described above by the ratio-calculation unit 381, the window function processing unit 385, and the averaging unit 386
so that the sine of the pin-angle error o f = sina.) is obtained.

[0226] The thus obtained B value is stored in the parameter-storing unit 390.

[0227] Description has been made to an example of turning the direction of the magnetic field for one rotation in the
detection step for the offset voltages bx and by and turning the direction of the magnetic field for one rotation in the
detection step for the amount of pin-angle error (correction parameter) . Alternatively, it is also possible to turn the
direction of the magnetic field for (n+m) rotations or more, turn the direction of the magnetic field for n rotations (n > 1)
in the detection step for the offset voltages bx, by and, thereafter, turn the direction of the magnetic field for m rotations
(m > 1) in the detection step for the amount of pin-angle error (correction parameter) . Since the direction of the magnetic
field may be rotated between the detection step for the offset voltage and the detection step for the correction parameter
B, the rotational direction for the direction of the magnetic field is (n+m) times in total. Since the number of sampling
points increases when the direction of the magnetic field turns for a plurality of times in each of the detection steps for
the offset voltage and the detection step for the correction parameter, this provides an advantage of improving the
obtaining accuracy for each parameter p.

[0228] As described above, in this embodiment, the error attributable to the variations of elements of the GMR sensor
can be corrected only by the subtraction of three parameters 8, bx and by, and multiplication of coefficient 1/Bx. Since
the calculation processing gives less calculation load, they can be executed easily by an inexpensive general-purpose
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microcontroller.

[0229] As described above, according to this embodiment, error generated due to the pin-angle error in the rotational
angle measurement apparatus can be corrected without using an encoder for calibration.

[0230] Further, the error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0231] Then, the constitution and the operation of a rotational angle measurement apparatus according to an eighth
embodiment of the invention are to be described with reference to Fig. 25.

[0232] Fig. 25 is a block diagram showing the third constitution of the rotational angle measurement apparatus for
correcting the pin-angle error o, according to the eighth embodiment of the invention.

[0233] Fig. 25 shows a circuit constitution for executing correction processing during operation as the rotational angle
sensor, which corrects a measured rotational angle value by using offset voltages bx and by and the sine of an error o
B = sina) determined by the constitution of Fig. 24.

[0234] A rotational angle measurement apparatus 201MB of this embodiment includes a magnetic sensor 301 and a
detection circuit unit 302MB. The detection circuit unit 302MB has offset-subtraction units 353A and 353B, and a signal
processing unit 303M. The magnetic sensor 301 has two bridges (COS bridge and SIN bridge) each comprising GMR
elements. A differential amplifier 351A detects a difference voltage between terminals V1 and V2 of the COS bridge and
outputs a difference signal Vx. In the same manner, a difference amplifier 351B detects a difference voltage between
terminals V1 and V2 of the SIN bridge and outputs a difference signal Vy.

[0235] The offset-subtraction units 353A and 353B subtract offset voltages bx and by stored in a storing unit 390 from
the output signals Vx and Vy respectively. VX' = Vx - bx and Vy’ = Vy - by corrected for the offset are input signals
inputted to the signal processing unit 303M.

[0236] The input signals Vx’' and Vy’ are inputted to the signal processing unit 303M. A ratio-calculation unit 381
included in the signal processing unit 303M receives the input signals Vx’ and Vy’ to determine a ratio Vy'/Vx'. Specifically,
the signals VX’ and Vy’ may be inputted to an A/D converter of a microcontroller and the ratio-calculation unit 381 may
be disposed in the microcontroller. Then, a parameter correction unit 382 reads out a correction parameter 3 stored in
the parameter storing unit 390 and conducts correction processing. Specifically, the parameter f3 is subtracted from the
ratio Vy’/Vx'. Then, an atan-processing unit 383 conducts arctangent processing to calculate an angle of magnetic field
0. The atan-processing unit 383 conducts processing of the equation (29).

[0237] Asdescribed above, according to this embodiment, an accurate rotational angle can be measured by correcting
the offset error and decreasing the estimation error for the pin angle even when a magnetic sensor including an error
in the pin-angle setting is used.

[0238] Further, since the tolerance for setting the pin angle increases upon manufacturing the magnetic sensor, this
facilitates manufacture.

[0239] Further, the error due to the pin-angle error can be corrected with a small amount of calculation operation.
[0240] Further, correction for the error generated due to the pin-angle error of the rotational angle measurement
apparatus can be attained without using an encoder for calibration.

[0241] In each of the embodiments described above, while a method of signal processing based on the ratio Vy/Vx
has been explained, the signal processing may also be conducted based on Vx/Vy. The equation (28) and the equation
(33) are processed in the actual processing by the equation (29) and the equation (34) respectively. In the processing
for atan2 (y, x) in the equation (29) and the equation (34), the angle is calculated as ArcTan(y/x), as well as an angle is
obtained also by processing as ArcCot(x/y). In the case of | x | > | y |, calculation accuracy is higher for ArcTan (y/x) and
in the case of | x | <|y |, calculation accuracy is higher for ArcCot (x/y).

[0242] Then, the constitution of a motor system using the rotational angle measurement apparatus according to each
of the embodiments described above is to be explained with reference to Figs. 26 and 27.

[0243] Figs. 26 and 27 show constitutional views of the motor system using the rotational angle measurement apparatus
according to each of the embodiments of the invention.

[0244] The motor system in this embodiment includes a motor unit 100 and a rotational angle-measurement unit 200.
[0245] The motor unit 100 generates a rotational torque by rotation of a plurality of rotatable magnetic poles under
the magnetic interaction between a plurality of fixed magnetic poles and a plurality of rotatable magnetic poles. The
motor unit 100 includes a stator 110 providing a plurality of fixed magnetic poles and a rotor 120 providing a plurality of
rotatable magnetic poles. The stator 110 includes a stator core 111 and a stator coil 112 attached to the stator core 111.
The rotor 120 is disposed opposite to the inner circumferential side of the stator 110 by way of a gap and supported
rotatably. In this embodiment, a three-phase AC surface permanent magnet synchronous motor is used as the motor 100.
[0246] A case includes a cylindrical frame 101, and a first bracket 102 and a second bracket 103 disposed on both
axial ends of the frame 101. A bearing 106 is disposed in a hollow portion of the first bracket 102 and a bearing 107 is
disposed in a hollow portion of the second bracket 103 respectively. The bearings 106 and 107 rotatably support a
rotation shaft 121.

[0247] A sealant (not illustrated) is disposed between the frame 101 and the first bracket 102. The sealant is an O-
ring disposed in a ring-like form and sandwiched and compressed in the axial direction and the radial direction by the
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frame 101 and the first bracket 102. A portion between the frame 101 and the first bracket 102 can be sealed to provide
water proof on the front side. Further, also a portion between the frame 101 and the second bracket 103 is made water
proof by a sealant (not illustrated).

[0248] The stator 110 includes the stator core 111 and the stator coil 112 attached to the stator core 111 and disposed
to the inner circumferential surface of the frame 101. The stator core 111 is a magnetic material formed by stacking a
plurality of silicon steel sheets in the axial direction (magnetic path formation body). The stator core 111 includes an
annular-back core and a plurality of teeth arranged at regular intervals in the circumferential direction while protruding
inside the radial direction from the inner circumference of the back-core.

[0249] Winding conductors constituting the stator coil 112 are wound concentrically around each of the plurality of
teeth. The plurality of winding conductors are electrically connected on every phase by connection members arranged
in parallel on one axial end on one coil end of the stator coil 112 (on the side of the second bracket 103) and further
connected electrically as three phase windings. The connection system for three phase windings includes a A (delta)
connection system and a Y(star) connection system. This embodiment adopts the A (delta) connection system.

[0250] The rotor 120 includes a rotor core fixed on the outer circumferential surface of the rotation shaft 121, a plurality
of magnets fixed on the outer circumferential surface of the rotor core, and magnet covers 122a, 122b disposed on the
outer circumferential side of the magnets. The magnet cover 122 is used for preventing the magnets from scattering
from the rotor core, and this has a cylindrical structure or a tube-like structure formed of a non-magnetic material such
as stainless steel (generally referred to as SUS).

[0251] Then, the constitution of the rotational angle-measurement unit 200 is to be described.

[0252] The rotational angle-measurement unit 200 includes a rotational angle measurement apparatus 201DM (here-
inafter referred to as "magnetic sensor module 201DM") and a sensor magnet 202. The rotational angle-measurement
unit 200 is disposed in a space surrounded by a housing 203 and the second bracket 103. The sensor magnet 202 is
disposed to a shaft that rotates interlocking with the rotation shaft 121. As the rotation shaft 121 changes the rotational
position, the direction of the magnetic field generated in accordance with the change is changed. Therefore, the rotational
angle (rotational position) of the rotation shaft 121 can be measured by detecting the direction of the magnetic field by
the magnetic sensor module 201DM.

[0253] The magnetic sensor module 201DM is preferably disposed on the center line of rotation 226 of the rotation
shaft 121 since the errorin the spatial distribution of the magnetic field generated from the sensor magnet 202 is decreased.
[0254] The sensor magnet 202 is a 2-pole magnet magnetized in 2-pole form, or a multi-pole magnet magnetized in
multiple pole form.

[0255] The magnetic sensor module 201DM includes, as shown in Fig. 8, a magnetic sensor 301 and a detection
circuit unit 302M. The detection circuit unit 302M has a signal processing unit 303M.

[0256] The magnetic sensor 301 changes its output signal in accordance with the direction of the magnetic field and
comprises GMR elements.

[0257] The magnetic sensor module 201DM detects the direction of the magnetic field dm at a place where the magnetic
sensor is disposed with reference to a reference angle 6m0 of the magnetic sensor. That is, the magnetic sensor module
201DM outputs a signal corresponding to 6 = 6m - 6m0. The magnetic sensor 301 used in this embodiment includes
two bridges comprising GMR elements; and the two bridges output signals in proportion to cos (6m - 6m0) and sin (6m
- om0 + o) respectively. Here, o represents a pin-angle error.

[0258] The magnetic sensor module 201DM is disposed in the housing 203. The housing 203 is preferably formed of
a material having a relative permeability of 1.1 or less such as aluminum or resin so as not to give an effect on the
direction of magnetic flux. In this embodiment, the housing is formed of aluminum.

[0259] It may suffice that the magnetic sensor module 201DM is fixed to the motor unit, and it may be fixed to a
constituent element other than the housing 203. So long as the sensor module is fixed to the motor unit, the rotational
angle of the rotation shaft 121 can be detected by detecting the change of the direction of the magnetic field by the
magnetic sensor 301 in the case where the rotational angle of the rotation shaft 121 is changed and the direction of the
sensor magnet 202 is changed.

[0260] A sensor wiring 208 is connected to the magnetic sensor module 201DM. The sensor wiring 208 transmits the
output signal from the magnetic sensor 301 to the outside.

[0261] The magnetic sensor module 201DM includes, as shown in Fig. 11, a magnetic sensor 301 and a detection
circuit unit 302DM. The magnetic sensor 301 includes a plurality of GMR elements arranged in a bridge structure. The
magnetic sensor 301 has the structure shown in Fig. 6A and 6B. The detection circuit unit 302DM includes a driving
circuit unit for supplying a voltage applied to the GMR elements, a differential amplifier 351 for detecting and amplifying
signals from the GMR elements and a signal processing unit 303DM for processing the signals outputted from the
differential amplifier 351. The signal processing unit 303DM has a constitution shown in Fig. 11.

[0262] Then, the constitution of a motor system when a correction parameter obtained is to be described with reference
to Fig. 27. Signals from the magnetic sensor module 201DM are inputted to an electronic control unit 411 (simply referred
to as ECU). The ECU 411 sends a control command to a driving unit 412. The driving unit 412 controls the angular
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velocity and the position of the rotation shaft and the like of the rotor 120 by outputting an appropriate voltage waveform
to the stator 110 of the motor unit 100.

[0263] When the correction parameter is obtained, the rotor 120 is rotated at a constant velocity by sending a command
for rotating the rotor 120 at a constant angular velocity from the ECU 411 to the driving unit 412. In this process, the
signal processing unit 303DM of the magnetic sensor module 201DM obtains the correction parameter and stores the
same in a parameter-storing unit 390 by the constitution shown in Fig. 13.

[0264] Alternatively, the magnetic sensor module 201DM may be composed only of the magnetic sensor 301 and the
detection circuit unit 302DM may be formed inside the ECU 411.

[0265] In this embodiment, the correction parameter can be updated on every certain time interval. In this constitution,
even when the correction parameter shows aging change by the use of the rotational angle measurement apparatus for
a long time, an accurate measuring result can be maintained by using the updated correction parameter.

[0266] The magnetic sensor module 201DM may have a constitution of the rotational angle measurement apparatus
201DMA shown in Fig. 19 or the rotational angle measurement apparatus 201DMB shown in Fig. 23. Further, when the
correction parameter is previously obtained by using an apparatus to be described later with reference to Fig. 29, the
magnetic sensor module 201DM may have a constitution of the rotational angle measurement apparatus 201M shown
in Fig. 8, the rotational angle measurement apparatus 201MA shown in Fig. 20, and the rotational angle measurement
apparatus 201MB shownin Fig. 25. In this case, a previously obtained correction parameter is stored in the storing unit 390.
[0267] Then, description is to be made to the constitution of an electrically power-assisted steering system using the
rotational angle measurement apparatus according to each of the embodiments described above with reference to Fig. 28.
[0268] Fig. 28 is a constitutional view of the electrically power-assisted steering system using the rotational angle
measurement apparatus according to each of the embodiments of the invention.

[0269] In the electrically power-assisted steering system shown in Fig. 28, a steering shaft 503 coupled mechanically
to a steering wheel 501 moves interlocking with the rotational shaft 121 by way of a joint unit 504 including gears, etc.
The rotation shaft 121 is a rotation shaft of the motor 100 in which a sensor magnet 202 is disposed to one end of the
rotation shaft 121. A rotational angle measurement apparatus 201DM (hereinafter referred to as "magnetic sensor
module 201DM") is disposed in the vicinity of the sensor magnet 202 and measures the rotational angle of the rotation
shaft 121 and transmits the same to the ECU 411. The ECU 411 calculates an appropriate amount of motor driving
based on the signal from the torque sensor (not illustrated) disposed in a steering column 502 and the rotational angle
signal from the magnetic sensor module 201DM; then, the ECU 411 transmits the signal obtained by the calculation to
the motor drive unit 412. The motor 100 assists the movement of the steering shaft 503 by way of the rotation shaft 121.
[0270] For a calibration of the system, the system is set to the system origin, i.e., the origin of an angle as the system
of the electrically power-assisted steering apparatus; and the rotational angle 6r0 of the rotation shaft 121 is read out in
this state. Specifically, when the steering wheel 501 is set to an appropriate position, a signal from the magnetic sensor
module 201DM is measured to determine the angle of magnetic field ®m in this state, and the rotational angle 6m0 of
the angle of magnetic field corresponding to the system origin is stored and held in the controlling apparatus (electronic
control unit ECU) 411 of the electrically power-assisted steering apparatus.

[0271] Even when a mounting-position error is present upon installing the rotational angle measurement apparatus
to the system, the error can be corrected so long as the angle of magnetic field 8m0 corresponding to the system origin
is known.

[0272] Information necessary in the system such as the electrically power-assisted steering apparatus is an angle
Osys as the system, that is, a rotational angle of the steering wheel. According to this embodiment, the angle 6sys as
the system can be obtained accurately from the angle of magnetic field ®m obtained from the output signal of the magnetic
sensor module 201DM.

[0273] The magnetic sensor module 201DM may have the constitution of the rotational angle measurement apparatus
201DMA shown in Fig. 19 or the rotational angle measurement apparatus 201DMB shown in Fig. 23. Further, when the
correction parameter is previously obtained by using the apparatus to be described later with reference to Fig. 29, the
magnetic sensor module 201DM may have the constitution of the rotational angle measurement apparatus 201M shown
in Fig. 8, the rotational angle measurement apparatus 201MA shown in Fig. 20, or the rotational angle measurement
apparatus 201MB shownin Fig. 25. In this case, a previously obtained correction parameteris stored in the storing unit 390.
[0274] Then, description is to be made to an inspection system upon manufacturing the magnetic sensor 301 by using
the rotational angle measurement apparatus according to each of the embodiments described above with reference to
Fig. 29.

[0275] Fig. 29 is an explanatory view of the inspection system upon manufacturing the magnetic sensor by using the
rotational angle measurement apparatus according to each of the embodiments of the invention.

[0276] Inthis embodiment, the correction parameter is obtained in the inspection step upon manufacturing the magnetic
sensor 301. As shown in Fig. 29, the magnetic sensor 301 including GMR elements is disposed on a stage and, while
rotating a magnetic field generator 202 that generates a uniform magnetic field, (Vx, Vy) signals of each of the magnetic
sensors are measured. In this process, the correction parameter is obtained on every sensor according to the methods
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of the equations (32),(42), and (43) by using the rotational angle measurement apparatus 201D shown in Fig. 5, the
rotational angle measurement apparatus 201DA shown in Fig. 13, or the rotational angle measurement apparatus 201DB
shown in Fig. 24. Thus, the pin-angle error value o (or B = sinco), signal offset voltages bx and by, and the Bx value
defined by the equations (42) and (43) can be determined for every respective magnetic sensor 301.

[0277] As described above, the magnetic sensor 301 obtaining the correction parameter is incorporated into the
rotational angle measurement apparatus 201MA. The signal processing unit 303MA of the rotational angle measurement
apparatus 201MA has the constitution shown in Fig. 20 and records the correction parameters 3 and Bx in the parameter
storing unit 390. In this way, since the rotational angle measurement apparatus 201MA can decrease the effect of the
pin angle setting error, measurement at high accuracy is possible.

[0278] In the foregoing description, while GMR elements are used as the magnetic sensor, this invention is effective
also to the rotational angle measurement apparatus using TMR elements (Tunneling Magneto-Resistance elements)
as the magnetic sensor. The TMR element uses an insulator layer as the spacer 12 in Fig. 2 in which the resistance
value changes in accordance with the angle formed between the magnetization direction of the pinned magnetic layer
(pin angle) 6p and the magnetization direction 6f of the free magnetic layer (the magnetization direction of the free
magnetic layer is aligned with the direction of the external magnetic field). Accordingly, the same effect can be obtained
by applying the invention.

Claims
1. A rotational angle measurement apparatus comprising:

a magnetic sensor that includes first and second bridges each comprising magneto-resistance elements each
having a pinned magnetic layer; and

a signal processing unit that receives an output signal Vx from the first bridge as an input signal Vx and an
output signal Vy from the second bridge as an input signal Vy and outputs an angle of magnetic field 6,
wherein the difference between a ratio Vy/Vx of the input signals and tan® is a constant non-zero value.

2. A rotational angle measurement apparatus comprising:

a magnetic sensor that includes first and second bridges each comprising magneto-resistance elements each
having a pinned magnetic layer; and

a signal processing unit that receives an output signal Vx from the first bridge as an input signal Vx and an
output signal Vy from the second bridge as an input signal Vy and outputs an angle of magnetic field 6,
wherein a constant non-zero value x satisfying (1/SQRT (1-x2) )x (Vy/Vx) - tan® = x is present between a ratio
Vy/Vx of the input signals and tan6, and x is a constant value not depending on 6.

3. The rotational angle measurement apparatus according to claims 1or 2,
wherein the signal processing unit includes;
a ratio-calculation unit that calculates the ratio Vy/Vx of the input signals Vx and Vy,
a parameter correction unit that subtracts a predetermined correction parameter 3 from the ratio Vy/Vx calculated
by the ratio-calculation unit, and
an atan-processing unit that conducts an arctangent processing on the value calculated by the parameter correction
unit and calculates the angle of magnetic field 6.

4. The rotational angle measurement apparatus according to claim 3,
wherein the parameter correction unit divides the calculated value (Vy/Vx - B) by Bx = SQRT(1 - B2).

5. The rotational angle measurement apparatus according to claim 3, further comprising
an offset-subtraction unit that subtracts predetermined offsets bx and by from the output signal Vx of the first bridge
and the output signal Vy of the second bridge respectively,
wherein the output signals (Vx - bx) and (Vy - by) from the offset-subtraction unit are each inputted to the signal
processing unit.

6. The rotational angle measurement apparatus according to claim 1 or 2,
wherein the signal processing unit includes an averaging unit that calculates a correction parameter 3 from an
average value of the ratio Vy/Vx of the input signals for the duration in which the direction of the magnetic field turns
for one rotation or a plurality of rotations.
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The rotational angle measurement apparatus according to claim 6,

wherein the signal processing unitincludes a window function processing unit that multiplies the ratio Vy/Vx calculated
by the ratio-calculation unit by a window function W(r) having the ratio r (= Vy/Vx) as an argument,

and the averaging unit calculates an average value of the output from the window function processing unit for the
duration in which the direction of the magnetic field turns for one rotation or a plurality of rotations.

The rotational angle measurement apparatus according to claim 7,
wherein the window function W(r) is an even function.

The rotational angle measurement apparatus according to claim 7,
wherein the parameter correction unit divides the calculated value by Bx = SQRT(1 - B2) .

The rotational angle measurement apparatus according to claim 1,
wherein the magneto-resistance element is a giant magneto-resistance element.

A rotational angle measurement apparatus comprising:

a magnetic sensor that includes first and second bridges each comprising magneto-resistance elements each
having a pinned magnetic layer; and

a signal processing unit that receives an output signal Vx from the first bridge as an input signal Vx and an
output signal Vy from the second bridge as an input signal Vy and outputs an angle of magnetic field 6,
wherein the signal processing unit includes an averaging unit that calculates a correction parameter § from an
average value of a ratio Vy/Vx of the input signals for the duration in which the direction of the magnetic field
turns for one rotation or a plurality of rotations.

The rotational angle measurement apparatus according to claim 11,

wherein the signal processing unit includes a window function processing unit that multiplies a ratio Vy/Vx calculated
by the ratio-calculation unit by a window function W(r) having the ratio r (= Vy/Vx) as an argument,

and the averaging unit calculates an average value of the output from the window function processing unit for the
duration in which the direction of the magnetic field turns for one rotation or plurality of rotations.

The rotational angle measurement apparatus according to claim 11, further comprising

an offset-subtraction unit that subtracts predetermined offsets bx and by from the output signal Vx of the first bridge
and the output signal Vy of the second bridge respectively,

wherein output signals from the offset-subtraction unit is inputted to a ratio-calculation unit of the signal processing
unit.

The rotational angle measurement apparatus according to claim 13,

wherein the magnetic field is turned at a constant angular velocity for (n+m) rotations, the values n, m being an
integer of 1 or greater,

wherein the averaging unit determines the offset voltages bx and by during n rotation duration in the duration,
wherein the offset-subtraction unit calculates values Vx’ = Vx - bx and Vy’ = Vy - by obtained by subtracting the
offset voltages bx and by from the signals Vx and Vy respectively during m rotation duration, and

wherein the averaging unit determines the correction parameter 3 from the values Vx’ and Vy'.

The rotational angle measurement apparatus according to claim 11,
wherein the magneto-resistance element is a giant magneto-resistance element.
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